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Abstract. The size polydispersity distribution of synaptic vesicles (SVs) is characterized under quasi-
physiological conditions by dynamic light scattering (DLS). Highly puriﬁed fractions of SVs obtained from
rat brain still contain a small amount of larger contaminant structures, which can be quantiﬁed by DLS and
further reduced by asymmetric-ﬂow ﬁeld-ﬂow (AFFF) fractionation. The intensity autocorrelation func-
tions g2(τ) recorded from these samples are analyzed by a constrained regularization method as well as by
an alternative direct modeling approach. The results are in quantitative agreement with the polydispersity
obtained from cryogenic electron microscopy of vitriﬁed SVs. Next, diﬀerent vesicle fusion assays based on
samples composed of SVs and small unilamellar proteoliposomes with the fusion proteins syntaxin 1 and
SNAP-25A are characterized by DLS. The size increase of the proteoliposomes due to SNARE-dependent
fusion with SVs is quantiﬁed by DLS under quasi-physiological conditions.
1 Introduction
Synaptic vesicles (SVs) are small membranous organelles
within the nerve terminal, encapsulating neurotransmit-
ters by a lipid bilayer, and enabling a highly controlled
fusion event with the synaptic membrane. The transport
of the neurotransmitter, the fusion at the synaptic mem-
brane, and the release of the stored neurotransmitters into
the synaptic cleft are since long known as an essential
step in nerve conduction of the chemical synapse [1–3].
A detailed structural view of these molecular mechanisms
is still lacking, notwithstanding the enormous progress in
the ﬁeld during recent years [4–7]. For example, it is now
known that proteins cluster and form micro-domains on
the SV membrane. Among the protein inventory on the
SVs is the fusiogenic R-SNARE protein synaptobrevin,
forming complexes which are believed to control the fusion
of the vesicles with the plasma membrane during exocy-
tosis [8, 9], a highly spatially and temporally coordinated
process. Membrane traﬃcking in eucaryotic cells follows
common principles involving budding from a donor com-
partment and fusion with an acceptor compartment. Thus,
the SV is regarded as a model traﬃcking organelle.
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The SV is one of the few organelles that can be puriﬁed
to apparent homogeneity, and can be obtained in relatively
large quantities employing well-established protocols [10]
to isolate SVs from the presynaptic volume. The small
size of the SVs with an average radius R  21 nm [5], and
their physical parameters enable size-fractionation tech-
niques to work, incompatible with many other organelles.
Moreover, the isolation procedure is relatively mild with
no detergents involved. Importantly, SVs have been shown
to be still functional after isolation, by neurotransmitter
uptake and fusion assays.
Based on the opportunity to isolate SVs, quantita-
tive measurements of size, content, mass distribution
and protein composition of these highly compact multi-
component organelles have become possible. The low-
resolution structure and size distribution of SV popu-
lations have been characterized by means of cryogenic
electron microscopy (cryo-EM) [5] and synchrotron-based
small-angle X-ray scattering (SAXS) data recorded from
SV dispersions under quasi-physiological conditions [6].
SAXS can be performed with time resolution (in the
order of a few ms) at the state-of-the-art synchrotron
radiation sources. Since both size distribution and form
factor are convoluted, usually the size distribution needs
to be known in order to deduce structural details from
SAXS spectra of polydisperse samples. However, the cryo-
EM analysis is invasive, costly and time consuming and
does not allow real-time-resolved analysis of the SV size
distribution.
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Dynamic light scattering (DLS) can be employed
for detailed characterizations of vesicles and liposomes
and has been extensively used as such to study vesicle
sizes [11, 12] and size distributions [13, 14]. Further, it is
capable to detect and quantiﬁy the size increase after vesi-
cle aggregation and fusion [15–18]. The scattering tech-
nique allows to obtain unbiased information averaged over
a fairly large number of particles as compared to single-
particle imaging techniques like cryo-EM in reasonably
short times (in the order of 100 s), enabling to investi-
gate large numbers of samples in a batch and promis-
ing to open up the possibility to follow the dynamics of
polydispersity distributions in real time. The needed sam-
ple volumes for DLS are relatively small (about 1μg of
SVs in about 1ml buﬀer). No invasive sample preparation
steps are needed and DLS measurements are compatible
with quasi-physiological conditions. Further, samples are
reusable after measurements.
Here, we analyze DLS autocorrelation functions ob-
tained from SVs under quasi-physiological conditions by
three diﬀerent methods: a single exponential ﬁt assuming
monodisperse particles; a regularized inversion (CONTIN)
and a parameterized model based on EM data. We discuss
the results and limitations of the three methods of analy-
sis and compare our ﬁndings with previously reported SV
polydispersities [14] and EM data. Thus, we ﬁnd a sec-
ond trace population of larger particles making up 45% or
79% of the total mass depending on the method of analy-
sis. Asymmetric-ﬂow ﬁeld-ﬂow (AFFF) fractionation was
used here for further puriﬁcation of the SV samples, reduc-
ing signiﬁcantly the mass contribution of larger contami-
nant particles by a factor of 4. The regularized inversion of
DLS spectra of SV populations puriﬁed using this method
yielded a size distribution which is in excellent agreement
with cryo-EM and SAXS data. While the inversion ap-
proach worked well in the case of SV samples puriﬁed by
means of AFFF, it failed to resolve the bimodal size dis-
tribution seen with the parameterized model in the case
where larger trace particles are present in higher numbers
in the sample. Instead, a mono-modal distribution was ob-
tained, shifted slightly toward larger radii and showing a
somewhat larger width.
Having assessed the performance of the regularized in-
version, we apply it to the study of SV fusion, as it makes
the least assumptions on the polydispersity of the sample.
Previous studies have shown that the aggregation and fu-
sion of SVs is detectable by DLS [14, 18]. Here, we focus
on small proteoliposomes which are fused in a SNARE-
dependent manner with SVs forming a cell free model
fusion system [19]. From the measured size increase we
calculate an average number of fusion events per proteoli-
posome and the fraction of fused SVs.
2 Sample puriﬁcation and preparation
2.1 Synaptic vesicle puriﬁcation
Synaptic vesicles from rat brain were puriﬁed following
a puriﬁcation protocol by Takamori et al. [5]. An addi-
tional ﬁnal centrifugation step was introduced to allow
for buﬀer exchange. To this end, the centrifuged pellets
were re-suspended in HB100 buﬀer (100mM KCl, 25mM
HEPES, (pH 7.4, KOH), 1mM DTT). Samples were then
kept on water/ice mixtures until investigation by cryo-EM
and DLS.
A constant (10:5:2) ratio of proteins, phospholipids
and cholesterol is assumed for all SVs, according to [5].
The particle concentration of the SV populations was ob-
tained by measuring the protein mass by a modiﬁed Lowry
assay [20], plus the calculated contribution from mem-
brane lipids and cholesterol. The resulting SV stock so-
lutions had a protein concentration in the range of 3.68
to 4.56μg per μl, corresponding to SV particle concentra-
tions of about 2.09× 1014 to 2.66× 1014 SVs/ml.
No aggregation was observed by EM (data not shown).
However, a small number of larger membranous particles
was observed, which seemed to be unavoidable in the pu-
riﬁcation protocol, e.g. due to limitations in the resolution
of size exclusion chromatography. These particles may be
formed by larger membrane aggregates, possibly originat-
ing from early endosomes. For further details see [5, 6].
2.2 Asymmetric-ﬂow ﬁeld-ﬂow fractionation
Asymmetric-ﬂow ﬁeld-ﬂow (AFFF) fractionation is a one-
phase chromatography technique allowing to separate par-
ticles of diﬀerent sizes on the basis of their diﬀusion prop-
erties [21]. AFFF has been used for characterization and
size fractionation of vesicles [22–26], including applications
to biological vesicles [27,28]. The dispersed particles travel
along a channel with a parabolic velocity proﬁle in the
principal ﬂow direction. An additional perpendicular force
ﬁeld is applied, which drives the particles toward one wall
of the ﬂow channel. The particles exhibit an equilibrium
position in the direction of the perpendicular force ﬁeld
which depends on their diﬀusion associated with Brownian
motion. Thus, the particles exhibit diﬀerent travel veloci-
ties in the direction of the principal ﬂow. Smaller particles
will reach the end of the channel faster than larger parti-
cles, and subsequent sample fractions containing particles
of diﬀerent sizes can be collected. Importantly, the sam-
ple does not interact with a stationary phase which might
alter the sample. AFFF is a robust and quick technique,
needing only low-sample amounts. Further, the sample is
reusable in other experiments.
An Eclipse 2 system from Wyatt Technology is used
for the AFFF fractionation with a channel of height
350μm and length 275mm. A precut membrane of re-
generated Cellulose (10 kDa molecular weight cut-oﬀ) is
used. The Eclipse system is connected to an Agilant 1100
series HPLC pump, and to a DAWN EOS multi-angle
light scattering setup. The channel ﬂow is constantly
1.00ml/min. The sample is injected with an inject ﬂow
rate of 0.20ml/min for 1min, and focused with a focus
ﬂow rate of 3ml/min for 2min. Subsequently, the cross
ﬂow is set to 0.5ml/min and is linearly decreased to
0ml/min over 40min. Subsequent fractions are collected
for 60 s each, starting 3min after the injection of the SV
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sample, and 8min after the initiation of the fractionation
procedure. The total duration of one fractionation proce-
dure was 40min.
For the AFFF fractionation, SV stock solution is di-
luted in AFFF buﬀer (150mM KCl, 20mM HEPES,
(pH 7.4, KOH), 0.02% NaN3), giving a total ﬁnal pro-
tein concentration of 0.72mg/ml. About 22μg of protein
are used for each AFFF run.
2.3 Preparation of proteoliposomes
Lipids were obtained from Avanti Polar Lipids and Molec-
ular Probes and were mixed in chloroform giving molar
ratios (given in brackets) resembling that of native SVs
according to [5], i.e. phosphatidyline (5), phosphatidyl-
ethanolamine (2), phosphatidylserine (1), phosphatidyli-
nositol (1). Unlabeled phosphatidylethanolamine (PE)
was partly substituted by N-(7-nitro-2,1,3-benzoxadiazol-
4-yl) PE (NBD-PE) and Rhodamine-PE [29]. After dry-
ing, lipids were resuspended in HB100 buﬀer with 5%
sodium cholate at a total lipid concentration of 13.5mM.
SNARE proteins (Syntaxin 1 and SNAP-25A) were cloned
with rat (Rattus norvegicus) sequences as templates and
expressed in E. coli, and subsequently puriﬁed [29].
SNARE proteins were added at a physiologically rele-
vant SNARE:phospholipid molar ratio of 1:300 [5] to the
cholate micellar solution. Detergent was removed by gel
ﬁltration chromatography on a SMART system with a
PC 3.2/10 Fast Desalting column (GE Healthcare). For
further details on the proteoliposome preparation, see [29]
and associated on-line supplemental data.
3 Experiments
3.1 Instrumentation and choice of parameters
If not indicated diﬀerently, the DLS measurements were
performed at SVs dispersed in HB100 buﬀer. For the DLS
measurements of the SV sample used for the AFFF frac-
tionation, a SV stock solution of 3.58μg/μl is diluted by a
factor of 1000 with degassed aqueous AFFF buﬀer, leading
to a total protein concentration of 3.58μg/ml. Collected
AFFF fractions are not further diluted for DLS measure-
ments since the fractionation process already leads to a di-
lution factor of about 1000. The DLS measurement results
are relatively insensitive to the exact particle concentra-
tion of SVs within a relatively large range, see appendix B.
For the fusion experiments, a SV stock solution of
4.56mg/ml protein concentration is diluted with degassed
aqueous HB100 buﬀer (see above) to a total protein con-
centration of 0.83μg/ml. Note that the SV samples for the
fusion experiments were not puriﬁed by means of AFFF
fractionation. For the fusion reactions, Syntaxin 1/SNAP-
25 proteoliposomes (NBD-Rhodamine labeled) are added
to the SV solutions at about 0.4 times the total mass con-
centration as the SVs.
Fusion activity was checked in a similar manner like
in [29] by ﬂuorescence dequenching assays, and the size in-
crease of the fused SV/liposomes was determined by cryo-
EM (data not shown). Vesicle clusters have been absent
in electron micrographs of similar samples [29], indicating
that aggegation of vesicles does not occur in signiﬁcant
amounts. For the inhibited fusion reactions, SVs are in-
cubated for 60min at 37 ◦C in HB100 with Tetanus toxin
(TeNT), which targets Synaptobrevin. The enzyme was
added in a molar ratio of 1:50 with regard to the con-
centration of Synaptobrevin [29]. Samples for the fusion
reaction are incubated under similar conditions in HB100
(no addition of TeNT).
The samples are put into cylindrical borosilicate cu-
vettes with a diameter of 10mm (Fisher Scientiﬁc),
and are closed air tight with polymer caps (Carl Roth
GmbH, Karlsruhe, Germany). DLS is performed with an
ALV/CGS-3 Laser Light Scattering Goniometer System
(ALV-GmbH, Langen, Germany), equipped with a 22mW
HeNe-Laser (λ = 632.8 nm, UNIPHASE, model 1145P),
and an ALV-7004 or ALV-5004 Multiple Tau Digital Cor-
relator. The scattered intensity is recorded by a high quan-
tum eﬃciency avalanche photo diode at a scattering an-
gle of 90◦ in the scattering plane, perpendicular to the
vertically polarized incident beam. If not indicated diﬀer-
ently, the intensity autocorrelation function calculated for
three consecutive intervals of 30 s is averaged, correspond-
ing to 90 s accumulation time. Three such runs are then
performed to obtain the ﬁnal averaged intensity autocor-
relation function g2(τ), representing a total measurement
time of 270 s. The errors are calculated by the standard
deviation στ of the nine runs for each τ . The resulting
(normalized amplitude) correlation function g1(τ) is given
by β|g1(τ)| =
√
g2(τ)− 1 [30, 31] with the intensity cor-
relation function g2(τ) = 〈I(t)I(t + τ)〉t/〈I〉2t and the co-
herence factor β.
3.2 Data analysis
For a dilute suspension of polydisperse spherical particles
of hydrodynamic radii Rh in Brownian motion, g1(τ) is
the Laplace transform with respect to the hydrodynamic
radii Rh given by [31]
g1(τ) =
∫
dRh pI(Rh) exp
(−kBT
6πηRh
q2τ
)
, (1)
with pI(Rh) the intensity weighted distribution of diﬀu-
sion constants, kB Boltzmann’s constant, T temperature,
and η the viscosity of the buﬀer. Considering that the in-
verse Laplace transformation of g1(τ) with respect to time
is a well-known “ill-conditioned” problem [32], we choose
diﬀerent approaches to tackle this problem and to analyze
g2(τ)−1. Table 1 gives an overview of the diﬀerent models
optimized against g2(τ)−1. See appendix A for details on
the models and the data analysis.
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Table 1. Overview about diﬀerent models tested in the analysis of DLS data from synaptic vesicles. See appendix A for further
details on the models and the data analysis.
Analysis Synaptic Vesicle Size polydispersity Advantages Disadvantages
model model model
Single Spherical Monodisperse Accurate for Bias towards larger
exponentiala particle monodisperse radii in polydisperse
samples samples
Regularized Solid or Model free, No assumptions on Shape of size distribution
inversion hollow but regularized polydispersity of inﬂuenced by regularization;
sphereb (simplest solution) sample artifact peaks at roots of
particle form factor
Parameterized Hollow Cryo-EM data Accurate control for/ Model for shape of
models sphereb + Gaussian correction of polydispersity must be
previously measured previously known
size distributions
a
See appendix A.
b
Shell thickness 12 nm.
4 Results
4.1 Regularized inversion
Figure 1(A) shows the size distribution functions of a na-
tive SV preparation (solid black line) and from a selection
of AFFF fractions, collected every other minute over 60 s.
The ﬁrst fraction shown was collected 5min after injec-
tion of the SV sample (chronological order of fractions,
with their time of collection (in minutes) after injection
of the SV sample: red crosses (5min), blue full squares
(7min), orange empty squares (9min), magenta full tri-
angles (11min), purple full diamonds (13min), light gray
plus signs (15min)).
The SV samples used for the AFFF fractionation and
for the collection of the DLS data depicted in ﬁg. 4 were
taken from the same vesicle preparation, see appendix A.
The size distribution functions were calculated by the ALV
software and then rescaled to show the relative abundance
of vesicles between fractions. For each fraction the scaling
factor s was computed with the time-averaged intensity
〈I〉t: s = 〈I〉t/
∑
Rh
pI(Rh). In a ﬁnal step, the distri-
bution functions were normalized such that the peak of
the most abundant fraction was set to 1. For compari-
son the size distribution of the unfractionated sample was
included into the plot (solid black line), which is in ex-
cellent agreement with previous results obtained by DLS
from similar SV samples [14].
The bulk of the SVs in ﬁg. 1(A) appears in the ﬁrst
fractions (red crosses (5min), blue full squares (7min)).
The diﬀerence between the peak position of the two size
distribution functions obtained from fractions (5min) and
(7min) is within the accuracy of the regularized ﬁt. These
fractions contain puriﬁed vesicles, the number of larger
particles (> 60 nm) is signiﬁcantly reduced when com-
pared to the number of larger particles in the unfraction-
ated sample, indicating the successful fractionation of SVs
away from larger particles. Mass distributions calculated
from the regularized ﬁt (see appendix A) suggest that the
larger particles present to 45% in the native SVs before
fractionation are reduced in the ﬁrst fractions (5min) after
fractionation to levels below the resolution of the regular-
ized ﬁt. Later fractions contain only fewer SVs and mostly
larger particles.
Figure 1(B) shows the AFFF fraction (5min), collected
in minute 5 after injection of the SV sample, measured
by DLS (red crosses) and the size distribution of SVs in
unfractionated samples determined by cryo-EM (gray cir-
cles) along with a repetition from ﬁg. 4 of the size distri-
bution function of the unfractionated sample measured by
DLS (solid black line). The cryo-EM data on the radius of
the SVs was corrected for the expected eﬀects of the outer
proteins on the hydrodynamic radius Rh by adding 3 nm.
The size distribution as determined by cryo-EM agrees
well with the AFFF fraction (5min). The latter extends
somewhat toward larger particles. The distribution func-
tion of the unfractionated sample exhibits stronger devia-
tion from the cryo-EM data and the single AFFF fraction
data. In particular, there is a signiﬁcantly higher number
of larger particles present when compared to the number
of larger particles present in the size distribution function
obtained for the particles in AFFF fraction (5min).
4.2 Parameterized models
Figure 2(A) shows the correlation functions g2(τ)− 1 for
a typical SV sample (green curve) and for a typical indi-
vidual AFFF fraction obtained from the native SV sample
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Fig. 1. (Colour on-line) (A) Size distribution of SVs by DLS.
Native SV preparation (solid black line) and individual AFFF
fractions (colored lines, time of collection (in minutes) after in-
jection of the SV samples: red crosses (5min), blue full squares
(7min), orange empty squares (9min), magenta full trian-
gles (11min), purple full diamonds (13min), light gray plus
signs (15min)) weighted by the relative number of particles
within the corresponding individual AFFF fraction as deter-
mined from the time-averaged scattering intensity 〈I〉t. The
inset shows a schematic of the AFFF ﬂow channel. Red arrows
indicate the velocity U(x) of the buﬀer in the direction of the
ﬂow channel, brown arrows indicate the direction of the chan-
nel cross-ﬂow. (B) Size distribution of native SV preparation
by DLS (solid black line) and cryo-EM (gray circles), shifted
as detailed in the text, and individual AFFF fraction (5min)
from the shown native SV preparation (red crosses).
(black curve), exhibiting the characteristic (exponential)
decay expected for polydisperse colloidal particles under-
going Brownian motion, along with the errors estimated
from the diﬀerent runs and a least-square ﬁt of a model
as detailed below (solid red line and dashed red line). Fig-
ure 2(B) shows the resulting bimodal distribution func-
tion pn(Rh) of the SVs (solid blue line, cryo-EM data,
ﬁxed during ﬁtting) and of the larger aggregated mem-
brane particles (dashed red line and solid red line). The
corresponing mass fractions of the larger particles in the
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fit SVs native
fit SVs AFFF (5 min)
cryo-EM SVs
Fig. 2. (Colour on-line) (A) DLS data of native SV ensem-
ble (green curve) and AFFF fraction (5min) (black curve),
collected in minute 5 after injection of the SV sample, with
error bars and ﬁtted model calculations (dashed red curve,
solid red line). Calculated correlation function for particles
following the cryo-EM size distribution (solid blue line). (B)
Number-weighted bimodal size distribution functions consist-
ing of the blue branch (cryo-EM data, smoothed) and one of
the red branches (ﬁtted Gaussian distributions, red solid line,
dashed red curve) corresponding to the ﬁts in (A), (red solid
line, dashed red curve). Note the diﬀerent scalings for the blue
branch and the red branches.
samples are calculated to be about 79% and 23%, respec-
tively. The ﬁrst value, which should be compared to the
value of 45% obtained by the regularisation ﬁt, shows that
these numbers depend strongly on the choice of the model.
The cryo-EM data is taken from [6]. Note the diﬀerent
scalings of the two components of pn(Rh), indicating that
the large particles can be viewed as a small contamination
when considering the number of particles.
The SVs as well as the larger membranous fragments
were modeled as spherical core-shell particles with a shell
thickness of 12 nm, see appendix A for further details.
This way the small unilamellar vesicle structure of the
SVs and the membranous character of the larger particles
is modeled.
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Fig. 3. (Colour on-line) DLS data of native SV ensemble
(solid red line), LV preparation (solid blue line), mixture of
SVs plus LVs (dashed cyan line) and TeNT-treated SVs plus
LVs (dashed magenta line).
Using this model form factor a forward calculation ap-
proach was implemented to analyze the SV data, circum-
venting problems usually arising from the standard inver-
sion approach of g1(τ) implemented in most commercial
DLS instruments. For the calculations, the SV size distri-
bution obtained by cryo-EM (smoothed) was used, shifted
by 3 nm toward lager radii to account for the size increase
of the hydrodynamic radius resulting from proteins facing
outwards of the SV, which were not taken into account in
the EM size measurement.
The contribution from the larger membranous parti-
cles was parametrized with a Gaussian-shaped size distri-
bution of particles with radii Rh ≥ 14 nm. Together with
the main population of isolated and intact SVs this second
component formed a bimodal size distribution. Baselines
for τ → 0 and τ → ∞ were ﬁtted to g2(τ) − 1. pn(Rh)
was optimized by a least-squares ﬁt to g2(τ) − 1, solely
by adjusting the position, width and relative height of the
Gaussian size distribution of the larger particles to the
SV population. The size distribution and relative contri-
bution of the larger membranous particles depend to some
extent on the individual SV preparation. The resulting
calculated autocorrelation curves are found to be in excel-
lent agreement with the measured g2(τ)−1 for the native
SV ensemble (reduced χ2 = 1.36), and for the individual
AFFF fraction (reduced χ2 = 0.33). In the latter case, the
small value of χ2 may be due to somewhat overestimated
measurement errors.
4.3 Fusion experiments
Figure 3 shows the size distribution functions pn(Rh) ob-
tained by DLS from a polydisperse population of small
unilamellar liposomes (LVs, solid blue line), native SVs
(solid red line) as well as the product of a fusion reac-
tion between LVs and SVs (dashed cyan line) and a cor-
responding control with TeNT-treated SVs added to LVs
(dashed magenta line). The samples were not AFFF frac-
tionated. The data has been analyzed using the ALV soft-
ware, describing the particles as hard spheres.
Table 2. Model parameters as obtained from the fusion exper-
iments by inversion of DLS data. Most frequent radius Rh (nm)
of particles. The number of fusion events N (per LV) is calcu-
lated as N = (R2h, f − R2h, LV s)/R2h, SV s, where Rh, f denotes
the most frequent radius of the mixture of SVs and LVs, or
of the mixture of NeNT treated SVs and LVs. Conservation of
particle surface areas, and size homogeneity of SVs, LVs and
fusion products is assumed, respectively. The fraction of fused
SVs, F (%), is calculated from N and the initial ratio of the
numbers of SVs and LVs in the samples as determined by the
protein and lipid concentrations taking into account the com-
position of the SVs [5] and LVs.
Sample Rh (nm) N (per LV) F (%)
SVs 21 – –
LVs 21 – –
SVs + LVs 31 1.2 60
SVs TeNT treated + LVs 24 0.3 15
The size distribution functions pn(Rh) of all four sam-
ples are similar in shape and width. The most frequent
radii of both the LV and SV samples are about Rh =
21nm. The size distribution of the fusion products of
SVs and LVs is shifted toward larger radii (maximum
around Rh = 31nm) when compared to the size of the
SV or LV ensembles. The size distribution function ob-
tained from the sample containing TeNT-treated SVs and
LVs is also slightly shifted toward larger radii (maximum
around Rh = 24nm) when compared to the size of the
SV or LV ensemble. However, the size shift toward larger
radii relative to the SV or LV ensembles is signiﬁcantly
decreased for the sample containing TeNT-treated SVs
and LVs when compared to the sample containing SVs
and LVs. As expected, TeNT treatment of SVs inhibits
eﬀectively fusion between SVs and LVs. However, some
residual fusion of TeNT-treated SVs with LVs might re-
main due to a small number of uncleaved SNAREs on the
SVs, as one single SNARE complex per SV is suﬃcient for
membrane fusion [33].
Table 2 gives the most frequent radii Rh (nm) and a
characteristic number N (per LV) of fusion events of LVs
and SVs, calculated from the shift of the most frequent
radius when compared to the LV sample.
5 Discussion and summary
From the dilution series shown in appendix B, ﬁg. 5(A),
signiﬁcant eﬀects due to SV concentration on the DLS
data within the investigated concentration range are ex-
cluded. Data obtained from the same SV sample are very
reproducible, see ﬁg. 5(B).
A ﬁt of a single exponential to intensity correlation
data from SVs (appendix A, ﬁg. 4(A)) gives a ﬁrst es-
timate of the typical size range of the SVs. However, as
expected, due to the oversimplistic model assumptions em-
ployed, the typical particle size obtained by the single ex-
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ponential ﬁt systematically overestimates the actual mean
particle size.
Regularized nonlinear inversion of the intensity corre-
lation function by the ALV software (ﬁg. 4(A) and (B))
gives access to the intensity-weighted size distribution
function pI(Rh), or number-weighted size distribution
function pn(Rh) of the SV population. Width and shape
depend to some extent on the regularization. However, the
maximum of pn(Rh) is hardly aﬀected by diﬀerent regular-
ization parameters. It accords with EM data, which were
also used for the direct modeling approach. Due to im-
perfections in the consideration of the form factor model,
a second peak at a radius of about 160 nm is present in
pn(Rh). This peak occurs in all cases, where pI(Rh) = 0
for F (q,Rh) = 0 and is more pronounced in cases where
the particles are modeled as hollow hard spheres as com-
pared to hard spheres. A precise assessment of the relative
particle number of sizes within the range of the artiﬁcial
peak is waived here. Results are found to be in excellent
agreement with results from previous DLS studies of sim-
ilar SV samples [14], which obtained a similar monomodal
size distribution function accounting for contributions
from both SVs and larger particles in the sample.
In a direct modeling approach, DLS spectra of SV dis-
persions can be consistently described with a bimodal size
distribution (ﬁg. 2(A) and (B)) based on cryo-EM data ob-
tained at vitriﬁed SV dispersions and a second Gaussian-
distributed branch eﬀectively modeling eﬀects due to few
larger trace particles of sizes in the order of up to a few
100 nm present in the sample. Note the inherent sensitiv-
ity of DLS for scattering contributions originating from
larger particles due to the highly nonlinear dependence of
the scattering intensity on the particle radius.
The mass fraction of larger contaminant particles in
the SV samples with diﬀusion properties diﬀerent from
SVs are signiﬁcantly reduced by AFFF from 79% to 23%
according to the direct modeling approach and from 45%
to levels below the resolution according to the regularized
inversion. The reduction in mass by a factor of 4 greatly
decreases the contribution from the tail toward larger radii
in pn(Rh) (solid black line and red crosses in ﬁg. 1(B)).
Results are in excellent agreement with values reported
previously [5].
Thus, the AFFF separation process is found to dis-
criminate well between SV and larger trace particles.
AFFF is found to be suited for further puriﬁcation of SV
samples and is showing great potential for enabling size-
dependent analysis of SVs in the future.
However, the regularized size distribution obtained by
DLS after AFFF puriﬁcation extends still somewhat fur-
ther toward larger radii (red crosses in ﬁg. 1(B)), or a very
small additional contribution of somewhat larger particles
is needed (solid red line in ﬁg. 2) when compared to the
cryo-EM size data. This may be due to an underestima-
tion of the number of larger SV particles by cryo-EM due
to undersampling, and reﬂects the eﬀects of very few re-
maining larger particles in the sample. In case of the in-
version analysis, it cannot be excluded that part of the
small deviation between the size distribution obtained by
cryo-EM (gray circles in ﬁg. 1(B)) when compared to the
one obtained by DLS (red crosses in ﬁg. 1(B)) is also due
to regularization eﬀects.
The size increase after SV aggregation and fusion has
previously been detected by DLS [14, 18]. Here, we have
used DLS to study the fusion of small proteoliposomes
with SVs in a SNARE-dependent manner (ﬁg. 3). From
the measured size increase we calculated an average num-
ber of 1.2 fusion events per proteoliposome. Fusion was
signiﬁcantly reduced in a control experiment, where the
SNAREs of SVs were cleaved with TeNT. Aggregation as
a possible alternative explanation of the measured size in-
crease was ruled out by the absence of vesicle clusters in
electron micrographs of similar samples [29].
In summary, DLS spectra recorded from SVs un-
der quasi-physiological conditions can be consistently de-
scribed with a size distribution obtained by cryo-EM at
vitriﬁed SV dispersions. The eﬀects originating from few
larger trace particles of sizes in the order of few 100 nm in
samples can be eﬀectively modeled by a second Gaussian-
distributed branch in the particle size distribution. The SV
size distribution is rather sharp, compared to the rather
broad size distribution of the larger membranous particles.
Regularization and inversion of DLS spectra from sam-
ples containing few larger trace particles in turn lead to a
mono-modal size distribution with a signiﬁcantly overes-
timated width when compared to the SV size distribution
obtained by cryo-EM. Although the position of the maxi-
mum of the size distribution is also slightly shifted toward
larger radii, the result of regularized inversion is found to
be still a fairly good estimate for the most likely radius
within the SV population. Importantly, the size polydis-
persity distribution of the SVs by regularized inversion
is obtained without assuming a particular shape of the
size distribution function. Larger trace particles contam-
inating the SV population can be removed eﬀectively by
AFFF fractionation, giving access to diluted SV disper-
sions of very high purity. DLS spectra from AFFF frac-
tions containing the SV population can be analyzed by
means of regularization and inversion and reveal a SV
size distribution consistent with cryo-EM data. With the
polydispersity data of pure SVs and validated analysis at
hand, one can then go ahead to investigate more complex
samples, leading to cell-free fusion assays. To this end, we
have investigated SNARE-dependent fusion of SVs with
small unilamellar proteoliposomes by DLS. The fact that
we could reliably detect the size increase associated with
SNARE-dependent fusion conﬁrms previous ﬁndings that
DLS is very suitable for detecting aggregation and fusion
in a whole range of cell-free assays [14, 18], potentially in
real time. Importantly, in contrast to other more invasive
techniques the samples can be recovered after the experi-
ments and be used for biochemical analysis.
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Appendix A. Data analysis
Diﬀerent models were calculated and optimized against
g2(τ) − 1. First, a single exponential decay y(t) = y0 +
a e−t/τ is ﬁtted to g2(τ)− 1. From the ﬁt result we obtain
a single radius Rh = 2 q2 τ kBT/(6πη). The ﬁt region is
chosen to lie within a range of 250 ns and 78.6ms lag time.
Second, we calculate a nonlinear ﬁt to g2(τ) − 1 by
using a constrained regularization method [34–36], em-
ploying a CONTIN algorithm [37,38] in a standard imple-
mentation (ALV-Correlator Software ALV-7004 for Win-
dows, V.3.0.4.5) by ALV GmbH, Langen, Germany. For
the data analysis, several settings are speciﬁed within the
ALV-Regularized ﬁt setup of the ALV-Correlator Software.
If not indicated diﬀerently, the ﬁt model DLS-Exponential
(g2(t)) is used, and ﬁt additional baseline, zero-order reg-
ularizor, as well as enable data weighting is enabled. Fur-
ther, the regularization strength is optimized by selecting
single ﬁt with target PROB1= 0.5. Values from 0.1 to 0.9
for PROB1 have been tested and corresponding results
have been compared. The ﬁt range is chosen to be be-
tween 250 ns and 78.6ms. To estimate the errors of the
correlation function at each lag time, the ALV software
uses a theoretical model described in [32,39,40].
The particles are modeled as spherical core-shell par-
ticles or as solid spheres. While the ﬁrst particle model
is a more realistic description of the synaptic vesicles the
implementation of the latter displays less pronounced ar-
tiﬁcial peaks in the calculated size distributions arising
from imperfections in the consideration of the form factor
model. Both models yield similar results, a ﬁnding which
can be explained based on the same R6 dependence of
the weight which a certain vesicle fraction pI(R)dR has
on the scattering intensity. In the core-shell model the
shell thickness is set to 12 nm, accounting for both lipid
and protein components of the small unilamellar vesicle
structures. The lipid bilayer thickness is taken to be about
6 nm [6], and the contributions from the protein shells are
taken into account by an addional 3 nm on both sides of
the bilayer.
Correspondingly, ﬁt for vesicles with r∗ = 12nm was
enabled, or disabled within the ALV-Regularized ﬁt setup
of the ALV-Correlator Software. The result of the in-
version is the intensity-weighted distribution function
pI(Rh), a measure of the contribution from the diﬀerently
sized vesicles to the autocorrelation function. To obtain a
size distribution function pn(Rh), pI(Rh) needs to be cor-
rected for the particle form factor amplitude F (q,Rh) and
volume V (Rh) of the particle shell, or the particle (hard
sphere),
pn(Rh) =
pI(Rh)
V (Rh)2 |F (q,Rh)|2 . (A.1)
As the roots in F (q,Rh) would lead to singularities
in pn(Rh), the particle form factor is smoothed around
these points. Nevertheless artiﬁcial peaks can appear in
pn(Rh) at the roots of F (q,Rh). Both pI(Rh) and pn(Rh)
are calculated by the ALV software. From pn(Rh) we cal-
culated the mass distribution function pM (Rh) = pn(Rh) ·
m(Rh) ∝ pn(Rh) · V (Rh) after removing the artiﬁcial
peaks in pn(Rh) by local extrapolation. Normalization sets
the highest peak to 1.
Finally, we analyze in a direct approach g2(τ) − 1
by least-square ﬁtting to a model of polydisperse spher-
ical hard shell particles, undergoing independent (un-
correlated) Brownian motion, using the lsqnonlin rou-
tine of MATLAB Optimization Toolbox (Version 7.5.0.342
(R2007b), The MathWorks Inc.), dedicated to solve non-
linear least-squares problems. A bimodal size distribution
was assumed, consisting of a ﬁxed part and a freely var-
ied Gaussian-distributed component. The constant part
describes the size distribution of SVs as determined by
cryo-EM, whereas the Gaussian distribution accounts for
larger membranous trace particles. Again, a constant shell
thickness of 12 nm is assumed for the particles.
Eﬀects due to the particle concentration on the DLS
data have been ruled out by dilution series on a SV
preparation with an initial vesicle concentration of about
(1.98 ± 0.03) × 1014 vesicles/ml. For SV particle concen-
trations from 1.89× 1012 to 1.55× 1010 vesicles/ml no sig-
niﬁcant eﬀects on the autocorrelation function are visible
after rescaling, see ﬁg. 5(A) in appendix B. Further, DLS
autocorrelation curves are highly reproducible for identi-
cal samples, see ﬁg. 5(B) in appendix B.
Figure 4 shows an intensity correlation function of a
native SV ensemble (black points, and error bars) and a
least-squares ﬁt to the data (solid red line). In this ex-
ample, the SV dispersion was diluted to a concentration
of (2.09 ± 0.03) × 1011 vesicles/ml. The error bars corre-
spond to the standard deviation στ at each lag time τ . A
single exponential y(t) = y0 + a e−t/τ (red line) was least-
square–ﬁtted to the data, where y0 = 0.0022 ± 0.0002,
a = 0.3701 ± 0.0004 and τ = (0.616 ± 0.003)ms. The
ﬁt yielded a reduced χ2 of 6.18. From the decay time τ
a particle radius of Rh = 104.8 ± 0.6 nm was calculated
according to 1/τ = 2 (q2 kB T )/(6πη Rh).
Although the hydrodynamic radius Rh is approxi-
mately in the right order of magnitude, it is too large.
However, it is clear from the reduced χ2 and the distri-
bution of the residuals that a single exponential is not
suﬃcient to describe the data set well. The inset in ﬁg. 4
illustrates that there are more contributions present and
that these have larger decay times. The sample appears to
be polydisperse. Scattering from particles depends nonlin-
early on the particle size, leading to a relative over rep-
resentation of larger particles in the scattering signal. A
single exponential ﬁt will therefore be usually biased to-
ward larger radii.
Further, a polydisperse size distribution (ﬁg. 4(B)) was
obtained from the data set shown in ﬁg. 4(A) by a regular-
ized nonlinear inversion of the intensity correlation func-
tion g2(τ)−1 modeling the particles as hollow spheres. The
error bars displayed correspond to the standard deviation
στ at each lag time τ . The inversion was performed by the
ALV software, yielding ﬁrst the intensity-weighted distri-
bution pI(Rh) (black circles). Experimental errors were
estimated by the ALV software according to the theoreti-
cal model described in [32,39,40]. Correcting for the par-
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Fig. 4. (Colour on-line) (A) Intensity correlation function of
a native SV ensemble (black points, with error bars) and a
single exponential ﬁt (red line). The inset shows a blow-up
of part of the data. (B) Intensity-weighted distribution (black
circles) and size distribution obtained by a regularized inver-
sion of the data shown in (A) before (full black squares) and
after removal of artiﬁcial peaks by local extrapolation (black
empty diamonds). (C) Mass distribution (full black triangles)
obtained from the size distribution (black empty diamonds) in
(B) and Gaussian ﬁt to larger particles. The mass distribution
of SVs puriﬁed by AFFF fractionation (red crosses) is added
to demonstrate the eﬀect of puriﬁcation.
ticle volume and form factor the size distribution pn(Rh)
(full black squares) was then calculated from pI(Rh).
The width and shape of the distribution pn(Rh) are to
some degree inﬂuenced by the regularizor (zero order, or
second order) and the regularization strength, set by the
value for PROB1, see above. The maximum of pn(Rh) at
20.9 nm is here, however, found to be independent of the
order of the regularizor and the regularization strength.
A second peak at 161 nm arises from the correction for
the particle form factor. Here the form factor takes values
close to zero, making it diﬃcult to determine the relative
number of particles within that particular size range.
The mass distribution pM (Rh) of the native SV sam-
ple obtained from pn(Rh) after replacing the second ar-
tiﬁcial peak by extrapolation shows a bimodal distribu-
tion of vesicles and larger particles. The second popu-
lation was ﬁtted with a Gaussian function and yielded
45% of the total mass. For comparison a plot of SVs pu-
riﬁed by AFFF fractionation (5min) (see sect. 4.1) was
added. Here, the contribution of larger particles to the to-
tal mass is below the resolution of the regularized inversion
approach.
Appendix B. Dilution series
Figure 5(A) shows a dilution series of a sample of SVs
with an original protein concentration of 3.49μg/μl,
corresponding to a vesicle concentration of (1.98 ±
0.03) × 1014 SVs/ml. The sample was diluted to yield
the ﬁnal concentrations of (1.98 ± 0.03) × 1012 SVs/ml
(black empty triangles), (9.91± 0.11)× 1011 SVs/ml (red
full squares), (4.96 ± 0.06) × 1011 SVs/ml (green empty
squares), (2.48±0.03)×1011 SVs/ml (blue crosses), (1.27±
0.02)× 1011 SVs/ml (cyan full diamonds), (6.20± 0.07)×
1010 SVs/ml (magenta full triangles) and (1.55 ± 0.02) ×
1010 SVs/ml (yellow circles). The scattered intensity was
recorded at a scattering angle of 90◦ and the intensity
autocorrelation functions of three consecutive intervals of
60 s were averaged, leading to a total measurement time
of 180 s for each sample. For comparability the intensity
correlation functions were rescaled to overlap in a lag time
region around 0.02ms. The inset shows a selection of the
correlation functions before rescaling.
The rescaled intensity correlation functions agree well
and show the same decay times within the estimated ex-
perimental errors. Consequently, the dilution in our exper-
iments has no signiﬁcant inﬂuence on the calculated size
distribution functions. However, the inset shows that the
amplitude of the intensity correlation functions decreases
with increasing dilution. The amplitude of the intensity
correlation function is proportional to the average number
of particles within the illuminated sample volume and is
indicative of the statistical accuracy of the measurement.
With increasing dilution the signal-to-noise ratio therefore
decreases.
Figure 5(B) shows three DLS data sets corresponding
to a sample of SVs with a protein concentration of 4.01×
10−4 μg/μl, equivalent to (2.28±0.03)×1010 SVs/ml. For
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Fig. 5. (Colour on-line) (A) DLS data of a native SV ensemble
at diﬀerent dilution steps (black empty triangles: (1.98±0.03)×
1012 SVs/ml, red full squares: (9.91 ± 0.11) × 1011 SVs/ml,
green empty squares: (4.96±0.06)×1011 SVs/ml, blue crosses:
(2.48 ± 0.03) × 1011 SVs/ml, cyan full diamonds: (1.27 ±
0.02) × 1011 SVs/ml, magenta full triangles: (6.20 ± 0.07) ×
1010 vesicles/ml and yellow circles: (1.55±0.02)×1010 SVs/ml).
The correlation functions were rescaled to overlap around
0.02ms. The inset shows a selection of the correlation func-
tions before rescaling. (B) Three DLS data sets taken from na-
tive SV ensembles from the same SV preparation at a dilution
of (2.28± 0.03)× 1010 SVs/ml. The correlation functions were
rescaled to overlap around 0.1ms. The inset shows the maxi-
mum diﬀerence between the displayed correlation functions.
each intensity correlation function three measurements of
60 s were averaged, leading to a total measurement time of
180 s per function. The intensity correlation functions were
rescaled to overlap in a lag time region around 0.1ms. The
inset shows the maximum diﬀerence between the displayed
correlation functions.
The three rescaled functions match each other well.
Indeed, we found that this averaging over several short
measurements signiﬁcantly reduced the noise on the mea-
sured correlation functions. The same noise reduction is
achieved by an equivalent long measurement. However, the
former procedure has an advantage over the latter in that
unsuited short measurements, where, e.g., a large contami-
nation passed through the illuminated sample volume, can
be easily identiﬁed and sorted out before averaging. How-
ever, care needs to be taken to chose an acquisition period
for single runs that is suﬃciently long that the measured
correlation functions reach the baseline for a suﬃciently
high number of data points.
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